Electron-hole recombination in nano-sized titanium(IV) oxide (TiO 2 ) particles of various physical properties, which had been proved to be highly active photocatalysts, was evaluated by quantitative analysis of reduced titanium species (Ti 3+ ) that might be formed at crystalline defective sites in TiO 2 particles through photoirradiation in the presence of a hole scavenger under deaerated conditions. These highly active photocatalyst samples were synthesized by hydrothermal crystallization in organic media (HyCOM method) and post-calcination. The Kinetic investigation of this reaction showed that the reciprocal of the slope approximately related to the ratio of the rates for electron-hole recombination and electron trapping (k r /k e
Introduction
The adsorbability, ability of adsorbing chemical substances, of titanium(IV) oxide (TiO 2 ) is one of the significant factors determining the overall photocatalytic activity because the reaction proceeds via surface reactions between adsorbed substrate(s) and electrons (e -) and holes (h + ) that are generated by photoabsorption of TiO 2 particles. In most of cases, the amount of substrate(s) adsorbed on the surface of TiO 2 powders can be measured directly and precisely. Another important factor should be property of e --h + recombination, while this had been much difficult to be determined directly. Recent papers have reported that rate of e --h + recombination for several kinds of TiO 2 powders are directly evaluated using femtosecond pump-probe diffuse reflection spectroscopy (PP-DRS) [1] [2] [3] [4] .
Relatively high spatial and chronological densities of absorbed photons in the pump-probe measurements induces multiple numbers of e --h + in each particle at the same time, i.e., within the lifetime of geminate e --h + , and thereby second-order kinetics can be adopted for the decay of trapped e -by recombination with h + .
The second-order rate constants thus obtained might not be applied to the estimation of actual rate of photocatalytic reaction operated under continuous photoirradiation of the lower intensity, in which e --h + is expected to undergo geminate recombination in first-order kinetics. However, the rate constants must reflect the number (correctly speaking, the density within the depth of photoabsorption) of recombination centers, assuming e --h + recombination occurs at those sites, though no structural information could be obtained from the pump-probe measurements.
Crystalline defects are one of the most probable candidates of site for the e [4, 5] .
In previous studies, we have shown that nano-crystalline anatase TiO 2 of a large surface area with sufficient crystallinity is obtained by high-temperature hydrolysis of titanium alkoxides with a limited amount of water dissolved in organic solvents and concomitant crystallization (HyCOM) [6, 7] . Since HyCOM TiO 2 possesses high thermal stability, physical properties of HyCOM TiO 2 powders can be controlled in a wide range by changing post-calcination temperature (T c ) [7] . The anatase form of HyCOM TiO 2 was preserved even after calcination at 1073 K. The HyCOM TiO 2 powders were used for photocatalytic silver metal (Ag) deposition together with oxygen (O 2 ) evolution from silver ion (Ag  + ) solution under deaerated conditions [8] . 
Experimental
2.1. Sample Preparation.
HyCOM TiO 2 powders were synthesized by a procedure reported previously [7, 8] .
The as-prepared powders were calcined in a box furnace at various temperatures under a flow of air (30 cm 3 min -1 ); the sample in a combustion boat was heated to the desired temperature at a rate of 10 K min -1 , kept at that temperature for 1 h, and then cooled to room temperature.
The thus-calcined sample is designated HyCOM(T c ), e.g., HyCOM(973) means a sample calcined at 973 K. Commercial TiO 2 samples, Degussa P-25 and Ishihara ST-01, were used as a reference in most of the experiments because these are known to be active photocatalysts.
Characterization of TiO 2 powders was performed in the same ways reported in the previous papers [7, 8] represent the intensity at a given delay and that in the absence of a pump pulse, respectively.
The procedure of kinetic data analyses is described in the discussion section. Unfortunately, data for a part of HyCOM samples, which had been calcined at relatively higher temperature, could be obtained, since small amount of residual organic species originating from organic solvent and starting materials used in the synthesis produced long-lived colored species during PP-DRS measurements, which obscured the actual reflectance change due to their accumulation in the sample.
Kinetics model for photocatalytic Ag deposition
Prior to a discussion on the slope in R Ag - 
The rate of Ag metal deposition (R Ag ) corresponding to the overall rate of this reaction system is derived as
Assuming that the e --h + recombination is much faster than e --trapping (k r >>k e C e ), R Ag can be simplified as follows.
R Ag = I· k e C e k r + k e C e )  (k e /k r )[Ag + ] ads (7) where I and C e are replaced by and [Ag + ] ads (surface concentration of adsorbed Ag + ).
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Results and discussion

4.1
The Ti 3+ density of HyCOM TiO 2
The effect of calcination temperature on the physical properties and photocatalytic activity of HyCOM TiO 2 powders has been reported in the previous papers [8, 10] . The Ti 3+ density decreased along with T c . Figure 2 shows the plot of the Ti 3+ density as function of their S BET of HyCOM TiO 2 samples. The decrease in the Ti 3+ density shows that the amount of the surface defects was reduced upon calcination at higher temperature due to a so-called annealing effect.
A noteworthy point is the liner relationship shown in Figure   1 (a), i.e., appreciable Ti 3+ density in samples of relatively small surface area obtained by the higher-temperature calcination, suggested that the present method could measure defects in the bulk, as well as those on the surface. The femtosecond PP-DRS measurement revealed that rate of e --h + recombination for HyCOM TiO 2 decreased with elevation in T c [2] . In the PP-DRS measurements, the decay of surface-trapped electrons by the recombination with positive holes could be observed; second-order kinetics could reproduce the decay curves and therefore we could calculate the second-order rate constant, k r , on some assumptions.
2 Figure 3 shows the plot of the Ti 3+ density and k r from PP-DRS, suggesting a proportional relation between them. As has been well known, the unit of second-order rate constants contains the inversed concentration of intended chemical species. Figure 4 . R Ag increased with decreasing the Ti 3+ density, indicating that the recombination property of TiO 2 powders is more dominant than the adsorbability for Ag + over the reaction rate for the present Ag deposition and O 2 evolution.
The importance of the crystallinity of photocatalyst or high-temperature calcination in photocatalytic O 2 evolution systems has been reported by many researchers Figure 5) . Therefore, the k r /k e ratios for the rest of samples were calculated, for convenience, using the data of R Ag and [Ag + ] ads when the experiments were performed using a 50 mmol dm -3 Ag + solution. Figure 6 shows plots of k r /k e ratio against S BET . The k r /k e ratio diminished with decreasing S BET similar to the behavior of the Ti 3+ density ( Figure 2) ; although the relation between the k r /k e ratio and the Ti 3+ density is seems not strictly to be proportional, it is clear that there is a positive correlation between them (Figure 7 ). 
Conclusions
The Ti 3+ / µmol g -1
